Featured Application: This study can provide scientific reference for screening dominant combinations of bacterial communities as well as for improving plant-microbial remediation efficiency.
Introduction
Given their high metal content, metal-based tailings are widely considered to have a serious environmental impact [1, 2] . China has a considerable number of metal mines that produce extensive waste byproducts, and consequently result in severe environmental pollution [3, 4] . Mining activities have also caused considerable damage to the eco-environment. The Zhongtiao Mountains copper mine is the largest underground copper mine in China [3, 5] . The mine has an annual output of greater than four million tons of ore [6] . This mine predominately produces copper (Cu) ore, but it also produces other metals, such as iron (Fe), lead (Pb), zinc (Zn), and cadmium (Cd) [7] . During metal mineral showed that endophyte infection rates of Bothriochloa ischaemum and Festuca rubra could be used as indicators of Cd pollution levels, and fungal endophytes that are associated with Imperata cylindrical and Elymus dahuricus developed a certain tolerance to Pb [5] .
There have been a few studies to date conducted on the distribution of heavy metals in plants and a comparison of the driving factors between aboveground and subsurface microorganisms in copper tailings dams. Furthermore, a comprehensive comparison between soil microbial communities and the response of physicochemical properties to heavy metal pollution is extremely limited in the literature. In this study, we investigated plant and soil physicochemical properties and their respective microbial abundance and diversity in the no. 536 sub-dams of the Zhongtiao Mountains copper mine, after being subjected to 19 years of remediation. We accomplished this by addressing the following questions: (1) What are the driving factors of the distribution of heavy metals on the aboveground and subsurface B. ischaemum microbial communities in a copper tailings dam? (2) What is the correlation among plant and soil physicochemical properties, heavy metals, their transfer factors, and soil enzymes? (3) What are the main factors that affect bacterial flora in phyllosphere, rhizosphere, and non-rhizosphere soil microbial communities? The objectives of this study were to understand the potential ecological function of B. ischaemum as it relates to heavy metal accumulation in a copper tailings dam, and to evaluate the driving factors that affect bacterial community structure and the diversity of B. ischaemum. This study can provide scientific reference for screening dominant combinations of bacterial communities as well as for improving plant-microbial remediation efficiency.
Materials and Methods

Site Description
The 'eighteenth' river tailing of the Northern Copper Mine (35 • 15 ~35 • 17 N, 118 • 38 ~111 • 39 E) was constructed in 1969, which lies in the south of Shanxi province, China. The waste from mineral processing is accumulated in the form of ore sand every year in the 'eighteenth' river tailings. A new sub-dam is formed on the basis of original sub-dam every three to five years, and then covered 30 cm native soil on ore surface. The elevation of dam base and dam crest is 486 m and 509 m, respectively. At this point in time, it is composed of 14 sub-dams, with a stack height of 84 m and a texture ratio of 1:6. It is under the influence of a continental monsoon climate with four distinct seasons, where the annual mean temperature is 14 • C, annual precipitation is approximately 780 mm, and frost free days are greater than 200 d [34] .
Plant and Soil Sampling
In July 2016, we selected No.536 sub-dam with 19 restoration years for sampling. The dominant species was B. ischaemum in this sub-dam. Five plots (1 m × 1 m) were randomly selected as sample collection area. In each plot, 16 individuals from each natural grass species were selected and quickly sealed the leaves into sterile plastic bags using ethanol sterilized tweezers. One subsample was stored at envelope bag to determine physiochemical properties, and the other was placed in an icebox and taken to the lab to be stored at −20 • C prior to high-throughput sequencing. Correspondingly, we also collected rhizosphere and soil samples from the soil organic layer (from 0 cm to 5 cm depths directly below the litter layer) at this plot while using a sterile spade. Visible roots and residues were removed prior to the homogenization of the soil fraction of each sample. Fresh soil samples were filtered through a 2 mm sieve and then divided into two subsamples. One subsample was stored at 4 • C to determine the physiochemical properties, while the other was stored at −20 • C prior to DNA extraction.
Plant and Soil Chemical Properties
We measured total carbon (C), total nitrogen (N), and total sulfur (S) content of plant and soil while using the elemental analyzer (vario EL/MACRO cube, Elementar, Hanau, Germany). Heavy metals (As, Cd, Cu, Pb, Zn) contents of plant and soil were measured while using an ICP-AES (iCAP 6000, Thermo Fisher, Cambridge, UK) [6] . Soil pH was measured after shaking soil water (1:2.5 mass/volume) suspensions for 30 min. Soil moisture was measured gravimetrically. Soil particle size was measured while using a Mastersizer 3000 laser diffraction particle size analyzer (Malvern Instruments Ltd., Malvern, UK). We measured soil ammonium nitrogen (NH 4 + -N), nitrate nitrogen (NO 3 − -N), nitrite nitrogen (NO 2 − -N), and Olsen P while using the Automatic Discrete Analyzer (CleverChem 380, DeChem-Tech. GmbH, Hamburg, Germany). For plant and soil chemical properties, we conducted five repetitions in this sub-dam. Additionally, soil sucrase was measured using 3,5-Dinitrosalicylic acid colorimetry; phenol-sodium hypochlorite colorimetry was used in urease; catalase was determined by potassium permanganate titration; and, phosphatase was determined by the disodium phenyl phosphate colorimetric method [35, 36] .
Determination of Phyllospheric Bacterial Community Structure
Five tillers were randomly collected from each plant, and the outermost non-senescent leaf sheath of each tiller was used in this assay. A strip of epidermis was peeled from the inner surface of the leaf sheath close to the stem base. The strip was placed on a slide, mounted in aniline blue stain, and the slide was heated over a flame until the stain reached the boiling point. It was then examined for hyphae under ×400 magnification. Microbial DNA from the four natural grass species samples was extracted while using the E.Z.N.A. ® Soil DNA Kit (Omega Bio-tek, Inc., Norcross, GA, USA), according to the manufacturer's protocols. The V4-V5 region of the bacterial 16S ribosomal RNA (rRNA) genes was amplified using primers 515F 5'-barcode-GTGCCAGCMGCCGCGG)-3' and 907R 5'-CCGTCAATTCMTTTRAGTTT-3', where the barcode was an eight-base sequence that was unique to each sample. For this study, we sent plant samples to the Lingen Biotechnology Co., Ltd. (Shanghai, China) for high-throughput sequencing.
DNA Extraction, Polymerase Chain Reaction, and Denaturing Gradient Gel Electrophoresis
Total soil DNA was extracted while using the E.Z.N.A. @ Soil DNA Kit (Omega Bio-Tek, Inc., Norcross, GA, USA). The quality and quantity of DNA extracts were measured using the Plate reader Infinite 200 PRO (TECAN, Switzerland). DNA purity was assessed by the determination of the A260/A280 absorbance ratios, and only DNA extracts with absorbance ratios of 1.8-2.0 were used for bacterial community analyses [37] .
The structure of the bacterial and fungal communities was evaluated using denaturing gradient gel electrophoresis (DGGE), as follows: partial 16S rRNA genes were amplified by PCR with DNA template concentrations of 10 ng/µL. Fragments of 16S rRNA genes (the V3 region) were amplified by PCR using primers 341F (5'-CGC CCG CCG CGC GCG GCG GGC GGG GCG GGG GCA CGG GGG GCC TAC GGG AGG CAG CAG-3'), 534R (5'-ATT ACC GCG GCT GCT GG-3'). Hot start PCR was as follows: 95 • C for 4 min, followed by 30 cycles at 94 • C for 40 s, annealing at 63.5 • C for 30 s, extension at 72 • C for 30 s, and 72 • C for 10 min.
Partial 18S rRNA genes were amplified by PCR with DNA template concentrations of 10 ng/µL. Fragments of 18S rRNA genes (the V4 region) were amplified by PCR using primers FUNG-GC (5'-CGC CCG CCG CGC CCC GCG CCC GGC CCG CCG CCC CCG CCC CAT TCC CCG TTA CCC GTT G-3'), NS1 (5'-GTA GTCA TAT GCT TGT CTC-3'). Hot start PCR was as follows: 95 • C for 5 min, followed by 30 cycles at 94 • C for 30 s, annealing at 53 • C for 30 s, extension at 72 • C for 30 s, and 72 • C for 7 min.
Denaturing Gel Gradient Electrophoresis Analysis
The DGGE runs were performed using a DCode system (Bio-Rad Laboratories, Inc., Hercules, CA, USA). 8 µL bacteria PCR products were loaded onto 10% (w/v) polyacrylamide gels over a urea gradient between 45% and 65% (urea and formamide). 8 µL fungi PCR products were loaded onto 8% (w/v) polyacrylamide gels over a urea gradient that was between 25% and 35% (urea and formamide). Electrophoresis was run for 12 h at 65 V. The comb of this system to load samples can only have up to 20 holes. Gels were then stained using the silver staining method [38] , and then photographed on a Gel imaging system (GelDoc XR, Biorad, Hercules, CA, USA). DGGE images analysis of the band profiles were carried out using Quantity one 4.62 (Biorad, Hercules, CA, USA), which detected bands and quantifies the relative concentration of DNA. The number of distinct DGGE bands was used as an estimate of species richness and the relative abundance of each band was treated as the proportion of a given species within a sample.
Statistical Analysis
Significant differences between variables of plant and soil were analyzed by One-way anova and Duncan's Multiple Range test (DMRT). Pearson correlation was used to analyze the relationship between plant properties and heavy metals, as well as soil physicochemical properties and microbial diversity. Transfer factors of different heavy metals were calculated by the ratio of shoot heavy metal to root heavy metal. The number of distinct DGGE bands was imported into SPSS v20.0 (International Business Machines Corporation, Chicago, IL, USA) in order to calculate the Shannon-Wiener index, Margalef, Evenness, and Simpson index [39] .
Results
Physiological Characteristics and Heavy Metal Distribution of B. ischaemum
Our results showed no significant differences between the root and shoot of B. ischaemum total nitrogen, total carbon and total sulfur content. Contrary, the carbon nitrogen ratio (55.09 ± 6.87) of root was significantly higher than the carbon nitrogen ratio of shoot (38.87 ± 3.71) (Figure 1 ). The nutrient element content (total carbon, total nitrogen, and total sulfur) in the shoot was significantly higher than that in soil ( Figure 1 ). The distributions of heavy metals indicated that content of arsenic (As, 25.4 ppm) and cadmium (Cd, 6.3 ppm) in the soil was higher than the As (1.2 ppm) and Cd (2.4 ppm) in B. ischaemum (Figure 2 ). The copper content (Cu, 352.8 ppm) in soil was also higher than that in above-and underground of B. ischaemum. There was no significant difference in the distribution of Pb and Zn in the root, shoot, and soil. We found that Cr was detected only on the above-and underground of B. ischaemum, but no Cr was detected in the soil. In particular, the Cr content (982.6 ppm) in the root of B. ischaemum was higher than in the shoot (387.7 ppm), indicating that B. ischaemum had an enrichment effect on Cr, especially the root had a strong ability of enrichment for Cr. analysis of the band profiles were carried out using Quantity one 4.62 (Biorad, Hercules, CA, USA), which detected bands and quantifies the relative concentration of DNA. The number of distinct DGGE bands was used as an estimate of species richness and the relative abundance of each band was treated as the proportion of a given species within a sample.
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Correlations among B. ischaemum Soil Physicochemical Characteristics and Heavy Metals
The total carbon content was negatively correlated with the Cu content in shoot of B. ischaemum (r = −0.964, P < 0.01). In addition to Cu, there was no significant correlation between the content of other heavy metals in the ground and the physical and chemical indexes of the leaves ( Figure 3 ). The total nitrogen in shoot was significantly negatively correlated with its ratio of carbon and nitrogen (r = −0.979, P < 0.01) ( Figure 3 ). The total sulfur content in root was negatively correlated with cadmium content in root (r = −0.899, P < 0.05), except for cadmium, there was no significant correlation between heavy metals in the root and soil physicochemical properties ( Figure 3 ). In addition, the total nitrogen of root was significantly negatively correlated with the root carbon and nitrogen ratio (r = -0.979, P < 0.01) ( Figure 3 ). 
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B. ischaemum Phyllosphere Bacteria Community Structure and Diversity
We found 35630 high quality bacterial 16S rRNA gene sequences with an average sequence length of 375.23 bp. All of the sequences were clustered into 22 different OTUs at 97% sequence similarity level. Approximately 99.9% of the sequences were classified into 13 different genera, which could reflect the actual situation of phyllosphere bacteria community structure of B. ischaemum. Shannon-wiener index and Simpson index were used to reflect the microbial diversity of different grasses. Chao 1 index and abundance-based coverage estimator (ACE) index were used to estimate the operational taxonomic unit (OTU) numbers in samples. In this study, both Chao 1 index and ACE index of B. ischaemum were 22. The Shannon-wiener index was 0.74 and the Simpson index was 0.566. 
We found 35630 high quality bacterial 16S rRNA gene sequences with an average sequence length of 375.23 bp. All of the sequences were clustered into 22 different OTUs at 97% sequence similarity level. Approximately 99.9% of the sequences were classified into 13 different genera, which could reflect the actual situation of phyllosphere bacteria community structure of B. ischaemum. Shannon-wiener index and Simpson index were used to reflect the microbial diversity of different grasses. Chao 1 index and abundance-based coverage estimator (ACE) index were used to estimate the operational taxonomic unit (OTU) numbers in samples. In this study, both Chao 1 index and ACE index of B. ischaemum were 22. The Shannon-wiener index was 0.74 and the Simpson index was 0.566.
Phyllosphere dominant bacteria at the class level were Gammaproteobacteria, and (45.45% of relative abundance), followed by Mollicutes (22.73%), Alphaproteobacteria (13.64%), and Betaproteobacteria (9.09%) (Figure 5a) . On the order level, the dominant bacteria of phyllosphere were Pseudomonadales, Enterobacteriales, and Rhizobiales (Figure 5b) . On the family level, the dominant bacteria were Pseudomonadaceae, Acholeplasmataceae, and Enterobacteriaceae, and the relative abundance was 22.27%, 22.73%, and 13.64%, respectively (Figure 5c ). Pseudomonas and Phytoplasma were the predominant bacteria of phyllosphere at genus level (Figure 5d ).
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Relationship between Soil Enzyme Activities and Diversity Indices of Soil Microbial Community
There was no significant correlation between rhizosphere and non-rhizosphere bacterial diversities and soil enzyme activities (Table 2) . However, the rhizosphere fungi diversity was significantly related to phosphatase, and non-rhizosphere fungi diversity was significantly correlated with sucrase enzymes (Table 2) . Moreover, the sucrase enzyme was significantly correlated with rhizosphere soil fungi evenness index (Table 2) . 
Transfer Factors of Heavy Metals in B. ischaemum and Their Driving Factors
Transfer factors of Pb and Zn were significantly higher than that of Cd and Cr for B. ischaemum (Figure 7 ). There was no significant correlation between microbial gene copy numbers and transfer factors of heavy metals, but the ratio of rhizosphere bacteria and fungi was significantly positively correlated with transfer factor of Pb (TF-Pb) ( Table 3 ). TF-Pb was significantly negatively correlated with phosphatase, and transfer factor of Zn (TF-Zn) was significantly negative correlated with urease (Table 4) . For the rhizosphere microorganisms, TF-Pb was negatively related to the diversity of rhizosphere fungi, but there was no significant correlation between bacterial diversities and other transfer factors. For non-rhizosphere, the transfer factor of Cu (TF-Cu) was significantly correlated with bacterial diversity, and there was no significant correlation between different transfer factors and fungal diversity (Table S3) . 
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Discussion
The stoichiometric ratio of environmental elements can reflect the ecological strategies of plants, such as how the C/N and C/P ratios can reflect the growth rate of plants, as well as reveal the relationships between plant growth rates and plant N and P use efficiency [40] . Results from this study showed that the C/N ratio differed significantly among roots, shoots, and soil, and the C/N ratio in roots was higher than in shoots and soil ( Figure 1 ). Moreover, we only detected chromium (Cr) in B. ischaemum, finding no evidence of Cr in soil, which indicated that this plant species might have an enrichment impact on Cr. A potential explanation for this is that heavy metals enter the plant and bind to the cell wall or form a heavy metal complex, and then accumulate in the plant without the occurrence of a bioactive detoxification effect [41] . It has been reported that the cell wall of Athyrium yokoscense accumulates a large amount of Cu, Zn, and Cd, accounting for between 70% and 90% of the total cell [42] . Hyperaccumulators are highly selective in heavy metal absorption, where only one or several specific metals are absorbed and enriched [43] , such as when the phyllosphere of Alyssum bertolonii initially accumulates nickel (Ni), while poorly accumulating cobalt (Co) and Zn [44] . In this study, we found that there was a strong negative correlation between carbon (C) and Cu in the shoots of B. ischaemum ( Figure 3 ) and a significant negative correlation between sulfur (S) and Cd in roots (Figure 3) . Thus, we speculated that plant nutrients could affect the absorption capacity of heavy metals.
Phyllosphere microorganisms subjected to a wide range of physicochemical stress that can deviate rapidly through leaching, temperature changes, variations in sunlight exposure, and fluctuations in reactive oxygen species production, and, consequently, in oxidative stress intensity [45] . Epiphytes can develop tolerance and resistance mechanisms against the antimicrobial and immunity compounds that are produced by plant tissues or against competing microorganisms [46] . It reported that most of the bacteria were inhibited by heavy metals, but Sphingomonadaceae had a higher tolerance to heavy metals [6] , which was different from our results. We found Pseudomonas and Phytoplasma were the predominant bacteria of phyllosphere at genus level (Figure 5d ). Among them, Pseudomonas was a kind of highly diverse microbial population, and was widely distributed in various environments of nature, such as soil, water, plants, and animals, as well as a variety of biological and environmental ecological niche. Phytoplasma mainly causes plant etiolation, clump, flower leaf, etc [33] . We also found that the phyllosphere-inhabiting bacteria of B. ischaemum were Gammaproteobacteria, Mollicutes, and Alphaproteobacteria ( Figure 5 ). The Gammaproteobacteria comprise several medically and scientifically important groups of bacteria. Gammaproteobacteria are photosynthetic and oxidize hydrogen sulfide instead of water, producing sulfur as a waste product, and the Gammaproteobacteria that we found in the phyllospheres could be due to their ability to colonize leaf areas. Some members of Gammaproteobacteria (e.g., Pantoea agglomerans) can produce indole-3-acetic acid (IAA), and the production of IAA has been proven to contribute greatly to the fitness of the phyllosphere during periods of active plant colonization [47] . It has also been reported that Proteobacteria could reduce the toxicity of heavy metals through bioconversion, degrading organic pollutants [48, 49] . Thus, we concluded that the dominant phyllosphere bacteria of B. ischaemum also contributed to the absorption of heavy metals.
Physicochemical factors of soil, such as heavy metals, pH, N, and S were the key factors that affected the structure of soil bacterial community, for example, Sphingomonadaceae showed certain tolerance to heavy metals [50] . The structure and diversity of the soil microbial community varied in conjunction with the various ecological environmental factors [51] , such as pH [52] , heavy metals [53] , salinity [54] , and the C/N [55] . The relationships between microbial communities and habitats can be indicative of specific microbiological groups, which can reflect the response mechanisms of microbial communities to environmental change [6] . This relationship showed that microbial biomass differed in soil that was subjected to heavy metal pollution [56] , and different concentrations and types of heavy metals had different effects on soil microbial biomass. We determined that soil physicochemical factors also had an effect on heavy metals; for instance, we found a significant negative correlation between soil NO 3 + -N and As, while soil N and Zn were significantly positively correlated. We also found a significantly positively correlation between S and Cd in soil (Figure 4 ). The abundance of bacterial genes in non-rhizosphere soil was higher than that in rhizosphere soil, but the abundance of fungi genes in rhizosphere soil was significantly higher than that in non-rhizosphere soil ( Figure 6 ). These findings indicated that different rhizospheric regions also had different effects on soil bacteria and fungi. These results could be explained by the differences in environmental heterogeneity and microbial interactions [57] . We found that rhizosphere fungi diversity was significantly correlated to phosphatase, and non-rhizosphere fungi diversity was significantly correlated to sucrose enzymes. The reason for this could potentially be that plants have a stronger influence on microbial habitats in the soil [58] . Studies have shown that the composition of root exudates, which mainly serve as C and energy sources for soil microorganisms (especially rhizosphere microbes), strongly influence the structural and functional diversity of microbial communities [59, 60] . Under heavy metal stress, microbes can actively change the state of heavy metals in the environment by means of their own metabolic activities, which could improve the soil aggregate structure and properties, while affecting the process of plant root secretion, indirectly influencing heavy metal speciation [61] . According to Fließbach et al. [62] , high concentrations of heavy metals lead to a significant decrease in soil microbial biomass, while low concentrations of heavy metals can stimulate microbial growth and increase the overall microbial C biomass. Soil properties have a certain effect on microbial diversity. We found that soil S and Cd were significantly positively correlated to the Shannon-Wiener index and Simpson's Diversity index. Moreover, we also found that soil S, soil bacteria species richness, and Margalef's richness index were significantly positively correlated (Table S2) . Ammonium nitrogen, total nitrogen, and Zn were positively correlated to non-rhizosphere soil fungi diversity, but the C/N was significantly negatively correlated to its diversity. This may be due to the steady accumulation of heavy metals in soil, which destroy the natural soil microbial community structure and the activity of the biological community, weakening soil microbial functions, and reducing soil fertility and quality, ultimately changing the distribution of the microbial community [63] [64] [65] .
Conclusions
This study discussed the distribution of heavy metals in plants and compared the driving factors between aboveground and subsurface microbial communities, as well as the different response of rhizosphere and non-rhizosphere soil microbial communities to heavy metal transfer factors in a copper tailings dam. We found that B. ischaemum had a certain enrichment effect on Cr, particularly the roots, and plant nutrients could affect the absorption capacity of heavy metals. Moreover, we found that the dominant phyllosphere bacteria of B. ischaemum also contributed to the absorption of heavy metals. Soil S was the main influencing factor of the soil bacterial community, while NH 4 + -N, TN, and Zn were the driving factors for non-rhizosphere soil fungi diversity. Also, rhizosphere fungi diversity was significantly correlated to phosphatase, and non-rhizosphere fungi diversity was significantly correlated to sucrose enzymes. Thus, our study could have important implications in the understanding of the potential ecological function of B. ischaemum in heavy metal accumulation in the copper tailings dams. Additionally, our results can aid in the evaluation of the driving factors that affect B. ischaemum bacteria community diversity, which may offer some scientific reference for screening the dominant combinations of bacterial communities as well as improving the plant-microbial remediation efficiency in copper tailings dams.
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